Stormwater harvesting has become an important water resource. The rational runoff formula has been applied using GIS as a tool to estimate runoff amounts from different landuse categories. These amounts have been estimated to be 37 Mm 3 in the existing landuse and will reach 43 Mm 3 for planned landuse, i.e. urban development expansion. Continuous urbanisation will result in more wastage of rainfall that could be used for replenishment of groundwater. The Gaza Strip was divided into seven geographic zones, the potential amounts of rainfall runoff in each zone were estimated, and accordingly, conveying infrastructures and infiltration systems are identified. Of course, this will add a new resource to the water budget, which will suffer from a deficit estimated to be 100 Mm 3 per year by the year 2020. This and other non-conventional resources will together bridge the gap between supply and demand.
Introduction
The Gaza Strip lies at the eastern edge of the Mediterranean, its climate is characterised as semi-arid region and it is a part of one of the scarce water countries. It had a population of 1.47 million people in the year (PCBS, 2006 living in 365 km 2 area. Because it is separated from the West Bank geographically, its water resources are managed separately; its aquifer is a part of the coastal aquifer whereas the West Bank shares with other three mountain aquifers. A location map is shown in Figure 1 . Therefore, water resources in each part of Palestine are managed separately to fulfil the growing demand due to increasing population and social-economic development.
Figure 1 Location map
Groundwater is the only water resource that is used to serve the people in the Gaza Strip. This water resource has been much exploited in the last three decades due to over abstraction (Al Yaqobi and Hamdan, 2005) . The renewable amount of water from rainfall that replenishes the aquifer is much less than the water demand, which has been increased due to increasing population. The per capita consumption is 138 l every day for both domestic needs. The population increased from 1,167,359 in the year 2000 to 1,515,924 in the year 2005, which increased domestic water demand from 57 Mm 3 in year 2000 to 75 Mm 3 in year 2005 (Mushtaha and Al Dadah, 2006) . The deteriorated water quality in terms of chloride and nitrate concentrations was reflected in the water services that are supplied in the public water supply system through 22 local municipalities distributed in five governorates in the Gaza Strip.
The area of the Gaza Strip is limited, where agricultural sector occupies about 184 km 2 , which amounts to about 50% of the total area of the Strip (Hamdan and Jaber, 2001) . The former settlements are now under Palestinian control and mostly they are sand dunes. Some of these areas are governed by municipalities and facing danger of urbanisation and consequently decrease in the catchment areas as shown in the landuse map in Figure 5 later.
Figure 2 Groundwater levels in Gaza Strip
As priority in the Palestinian policy, stormwater harvesting is considered as a major part of every large-scale project implemented, e.g. roads, port, industrial estate, etc. There will be local infiltration sites in each project. However, large-scale infiltration schemes were considered in the last ten years as a major component of the water resources management in Palestine in general and in the Gaza Strip, in particular.
Artificial recharge became a priority after the Israeli disengagement from the Gaza Strip. Most of the disengaged areas are sand dunes. The measured infiltration rate of surface water of these sand dunes is about 50 m every day (Hamdan, 1999) . The sand dunes are the top part of Pleistocene marine sand and sandstone, which is inter-bedded with clayey layers making three or four sub-aquifers (Figure 3 ).
Figure 3 Cross section in the coastal aquifer
Source: Melloul and Israel (1991) .
Methodology
The data of measured rainfall quantities fallen on Gaza Strip for the past 32 years since the season 1973/1974 until the season 2005/2006 have been interpreted. Excel sheets were done for making statistics to find out the mean annual rainfall in each station for the whole period. First, the bulk amounts of rainfall were quantified in all zones of the Gaza Strip to see rainfall availability in the area (Figure 4 ). The response of groundwater to natural infiltration of rainfall and abstraction of groundwater was evaluated. The water level in the two water wells was evaluated. These two agricultural water wells were selected as one well located in a zone in the north (well A/107), and the second is located in a zone in the south (well L/47) with depth from ground surface to groundwater 60 and 68 m, respectively. The locations of these wells are shown in the landuse map in Figure 5 .
Quantification of potential stormwater in Gaza Strip was based on applying the rational formula for runoff and the different land uses in the Gaza Strip were derived from the aerial photos. Each rain station represents local zone of the Strip where it is located. The areas of these zones represented by stations were calculated based on Thiessen polygon method using Geographic Information System (GIS). The study area was divided into seven zones Z-1 until Z-7. GIS was used to calculate the area of each landuse in each zone. The main features used to calculate the runoff were based on the landuse map and soil map to find description of the areas that correspond to that in Table 1 (Kiely, 1996) . Then, the estimated average annual amount of stormwater in each zone was based on the rational runoff formula created from the empirical method referred to Mulvancy (1851), Kuichling (1889) and Lloyd-Davis (1906) in Kiely (1996) . According to (Kiely, 1996) ,
where Q, runoff quantity (L 3 ); I, rain intensity (L/T); A, catchment area (L 2 ). The total amount of surface runoff, which forms the stormwater in Gaza, is calculated as the summation of the quantities in all zones:
.
For each zone, the estimated stormwater was calculated from the following formula, which is based on the above-mentioned rational formula:
where Q Zm , quantity of stormwater in zone number m (L 3 /T), I m , mean annual rainfall in rain station representing zone number m (L/T); C Km , runoff coefficient of land surface of landuse category (K) in zone m (dimensionless); A Km , area of landuse category (K) in zone m (L 2 ). The potential stormwater was estimated for both the existing landuse and future planned landuse. So, the runoff coefficient (C) differs for some landuse categories in the two cases. The planned land uses, which lay over sand dunes in the west of Gaza Strip, have been considered of zero runoff.
Rainfall and groundwater response
Rainfall is measured in the Gaza Strip at 12 rain gauge stations distributed spatially at the whole area and representing all zones from north to south. The average rain head fluctuates from 200 mm per year in the south of Gaza Strip to about 450 mm per year in the north. The bulk quantities were calculated based on Thiessen polygon method. These quantities are fluctuating from one year to another. In the last ten years, the bad rainy season was in 1998/1999 where the bulk amount was 40 Mm (Hamdan and Muhaisen, 2003) .
The quantity and quality of groundwater is affected by the quantity and quality of inand out-flowing water from the groundwater system. Rainfall replenishes the aquifer with an average annual amount of 40. These examples give an indication that the groundwater system has fast response to rainfall and this encourage harvesting all of urban stormwater as one of the most important sources in Gaza. 
Response to abstraction
The in-flows to aquifer are estimated to be 107.9 Mm 3 every year coming from natural infiltration, irrigation return flow, percolation pits of wastewater and artificial recharge of stormwater in the year (CAMP, 2000 . The total demand is estimated to be 162.1 Mm 3 in the year 2005 to fulfil the domestic, industrial and agricultural needs (Mushtaha and Al Dadah, 2006) . The gap between total demand and total supply gives us a total deficit in the water budget in year 2005 of about 54.2 Mm 3 . The accumulating deficit every year led to continuous decrease in the groundwater levels that became few metres below the mean sea levels especially in the south in Khan Younis and Rafah, where groundwater levels reached 5m below sea level (see Figure 2 ). The quality of the groundwater was also deteriorated, where chloride level (salinity) increased in water pumped from almost all the water wells either for domestic or agricultural uses. The chloride concentration all over the Gaza Strip is shown in Figure 8 The fresh zone is still available in the north of Gaza due to high rainfall amount (450 mm per year) compared to the south (200 mm per year). In some areas, salinity reached more than 1,500 mg l 1 as chloride ion.
Figure 8 Chloride contents in Gaza aquifer
According to the groundwater numerical model for the Gaza Strip in Qahman and Larabi (2006) if the situation continues in the same manner, seawater intrusion with total dissolved solids concentration of 2,000 mg l 1 at the base of sub-aquifer (A) will move 1.5 km in the year 2020 in the northern part of Gaza (Qahman and Larabi, 2006 ). This will affect the quality of domestic wells used for public water supply based on the quality data of domestic wells (PWA, 2004) . The WHO standard for chloride is 250 mg l 1 and the Palestinian standard is 600 mg l 1 . Results indicated that out of 99 monitored domestic wells, only 42 wells comply with the WHO standards and only 65 comply with the Palestinian standard (PWA, 2004) .
Quantification of potential stormwater
The potential quantities of stormwater runoff are based on the land use of the Gaza Strip. A detailed map of land use was derived from an aerial photo made in the year 2003 as shown in Figure 5 . The landuse includes both existing and planned uses, so values of runoff were calculated twice, one for the existing and the second for the planned uses as shown in Table 1 . Runoff coefficient of these land uses that lie over sand dunes were set as zero except for urban development land uses for planned phase.
The urban and industrial development, harbour, free trade zone and tourism development are still not on ground but planned to be. Their land uses at the moment are agricultural and natural reserve areas. The runoff coefficient in each land use was taken as the average value of the range of coefficient. For example, for urban areas, which are composed of roofs and streets, the range of runoff coefficient in Kiely (1996) was 0.78-0.95. For this category available in Gaza Strip, the runoff coefficient was taken as 0.865. Also, for areas with top soil of clay, the runoff coefficient was taken as 0.15 which is the average of the range given by Kiely (1996) which is 0.13-0.17. Moreover, urban development is now open agricultural area with runoff coefficient of 0.15 as clayey soil, while it will be a built-up area of runoff coefficient of 0.865 in the future. The studied zones Z1 until Z7 with landuse are shown in Figure 5 . However, the stormwater was calculated for both planned and existing land uses. So, the runoff coefficient is applied to calculate the runoff quantities as stormwater in both urban and suburban areas for each zone in the Gaza Strip. ArcGIS produced the areas of the polygons of land uses. The summation of overall quantities is summarised in section of Results. In these tables, the area of urban development lay over sand dunes have not been deducted when calculating the stormwater runoff for planned phase since these surfaces will be built-up areas.
Results
In the urban areas, the total amount of runoff for the whole Strip at the existing land use was found to be 22.2 Mm 3 per year as collected stormwater runoff. After the built-up areas increase according the planned landuse, where the urban development will be built-up area, and consequently the amount of the stormwater will increase to 36.7 Mm 3 per year as shown in Table 2 . Table 3 summarises the stormwater quantities produced from suburban areas. The stormwater comes from cultivated areas, reserve areas, natural resources (sand dunes) and recreation areas will increase also from 5.7 Mm 3 per year in existing phase to 5.9 Mm 3 per year in planned phase, where some cultivated areas in the existing situation will change to tourism areas. The overall quantities of stormwater are now 27.8 Mm 3 per year and will increase to 42.6 Mm 3 per year when planned landuse is implemented as shown in Table 4 . Tables 2-4 show the summary of calculations in all Thiessen polygon zones from Z1 until Z7. The total amounts were also shown in these tables. 
Discussion
Palestinian Water Authority (PWA) has identified the resource of stormwater harvesting as an important resource to bridge the gap between water resources demand and supply. Its strategy was to maximise rainwater recharge as far as practical by recharging runoff from large surface areas and introduction of flood alleviation measures at the source (PWA, 2000) . The stormwater will be increased due to urbanisation and runoff water will increase. So, some stormwater facilities were proposed by the stormwater master plan to mitigate floods and harvest the collected stormwater. The initial amounts of artificial stormwater recharge are estimated to be 4.25 Mm 3 per year at 2005 and will increase to reach only 7.1 Mm 3 per year in the year 2020 (CAMP, 2000) , where this forms only 30% of stormwater coming from urban areas (22.2 Mm 3 per year). From the results shown in Tables 2 and 3 , there are runoff waters of about 27.8 Mm 3 per year and this will increase to about 42.6 Mm 3 per year when the planned landuse is implemented in the coming decade. Until now, this runoff is still used partially in different projects of rainwater harvesting in the Gaza Strip, and some projects faced difficulties in implementation.
There are projects for stormwater collection, but they serve flood mitigation measures only, without harvesting it for recharging the aquifer. Most of this water is pumped to the sea. Stormwater harvesting became a priority issue firstly to mitigate flooding and secondly, to add to the existing limited water resources.
Implemented projects
Since the mid-1990s, large projects were identified in the Gaza Strip. One large project was executed in Gaza city, the second one was done in North governorate while the third one was made in a city in the south of the Gaza Strip. Other small schemes were executed also to act as local infiltration for different sites in the Gaza Strip. The first project was constructed in 1995 to collect runoff from Gaza city and water was artificially recharged to groundwater through injection wells. Owing to lack of experience and control, these wells were not operated well, and the collected water has to be pumped to the sea or evaporated in the lagoon. The level of water reached several metres in the rainy events, and the estimated in-flow water to the lagoons is about 7 Mm 3 every year, which is wasted to the sea (PWA, 2006) . The infiltration from the lagoon bottom is very little since the bed soil is silty clay and does not allow water to infiltrate. It only mitigated the winter flooding from which Gaza city suffered for many years, while the second goal is still not achieved. If the collected amount is recharged to the aquifer, this will decrease the existing water deficit by about 13%, i.e. 7 Mm 3 per year out of total deficit of 54 Mm 3 per year (CAMP, 2000) . The second project was implemented in 1999 North Gaza to collect the stormwater from Jabalia Camp, which also suffered a lot from flooding. The stormwater is collected as surface runoff on the streets and directed to a pool, and then pumped to designed infiltration basins close to the existing wastewater treatment plant in the north. The estimated amount of stormwater collected at that pool is about 2 Mm 3 per year (Sida, 1999) .
A third large project was implemented partially in a city in the south of Gaza Strip. All the urban stormwater collected from city is directed as surface runoff to constructed pipes and box culvert through constructed gullies. The collected water is directed by gravity through the main box culvert to a large infiltration area of about 10 ha. The water quantity flowing to the basin was estimated to be about 4 Mm 3 every year (PWA, 2006) . It was supposed to construct gabions surrounding the basin and drilling of boreholes to increase the infiltration capacity of the basin. However, these activities were hindered due to political situation at that time in the year 2001, since it was close to an Israeli settlement.
Other three small infiltration basins were constructed to allow water infiltrating from local areas around. One basin is Waqf reservoir in Gaza city, while the other two basins are located in Khan Younis area and called playground and Samasma basins. The large and small infiltration basins could provide about 14 Mm 3 , which amounts about 60% of potential urban runoff every year when they are operated in their capacities which is the target of PWA in its strategy. This will decrease the deficit of 54.2 Mm 3 per year by about 26%. The remaining deficit in the water budget is supposed to be bridged through large-scale seawater desalination and reuse of treated wastewater through infiltration and direct use in agricultural uses. Therefore, stormwater management will have an important role together with desalination and wastewater reuse to enhance groundwater system in the Gaza Strip.
Constraints
Management of the existing infiltration basins is facing many difficulties due to the lack of other infrastructure. In the project in the southern city (Khan Younis), most of the city is not served by a sewerage system and all the people are using local percolation pits to dispose wastewater. Due to unstable political atmosphere, there is no perfect control on misuse of existing stormwater infrastructure, where local people connect their percolation pits on the stormwater pipes and take environmental risks on the quality of infiltrated water. Many actions are taken by the municipality to stop this behaviour of local people, but the control is not perfect.
In Beit Lahia (north Gaza), infiltration basins are used for stormwater infiltration in the rainy season. In summer season where there is no rainfall, these basins are used for infiltration of treated wastewater coming from the existing neighbouring wastewater treatment plant to mitigate flooding of wastewater in the wastewater lagoon and collapse of lagoon shoulders. According to the water strategy, the recharged treated wastewater should be pumped through recovery wells and pumped for agricultural uses. On the other hand, when stormwater is artificially recharged to the aquifer, the pumped water could be used for domestic purposes. This activity hindered the function of the infiltration basins, for which they were constructed.
In the third large-scale project, in Sheikh Radwan pool, most of the collected water is wasted to the sea through direct pumping from the lagoons. It was designed to recharge the aquifer through injection wells, which were never operated. These large amounts of water should be pumped to suitable infiltration basins.
Conclusions and recommendations
Urban stormwater harvesting is an important water resource that plays a significant role in enhancement of water resources management in Palestine, in general and in the Gaza Strip in particular. It has a potential input of about 22 Mm 3 every year from urban areas only and about 28 Mm 3 per year as runoff from the whole Gaza Strip in its current landuse. This will help in bridging of about 60% of existing water deficit in the water budget.
These amounts of stormwater in the Gaza Strip will reach about 37 Mm 3 per year from planned urban areas. The amount of runoff of the completely planned area is calculated to be about 43 Mm 3 . When urban expansion is implemented as planned, the natural infiltration of rainfall to the aquifer will decrease, and these amounts of runoff are good resources to be utilised.
So, more stormwater harvesting projects are needed to help in decreasing the water deficit in the water resources budget. Some large-scale stormwater harvesting projects were constructed in north and south of Gaza Strip, but there was not perfect control to avoid risky behaviours of the local people that hinder the function of these projects. Some small infiltration schemes were implemented too to allow local infiltration from nearby areas.
The natural recharge of rainfall is about 40% of the total bulk rain quantities fallen on the Gaza Strip with an average of 117 Mm 3 every year. The rest of water that flows to the sea or evaporated could be harvested through the constructed infiltration basins.
Owing to the existing deficit in the water budget, the groundwater quality was deteriorated and salinity reached more than 1,500 mg l 1 as chloride ion. Moreover, the groundwater levels were declined continuously and reach a level of 5 m below sea levels. If no action is taken in resources management, the groundwater system will reach a point, where remediation becomes very difficult. Therefore, stormwater harvesting together with other new resources such as large-scale desalination and reuse of wastewater will bridge the gap in the water deficit and protect the groundwater system and will be used in a sustainable state.
